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calcium-activated potassium channel; KCNMA1; KCNMB1; outsideout patch; electrical tuning LARGE-CONDUCTANCE, CA 2ϩ -ACTIVATED, and voltage-gated K ϩ channels (BK, BK Ca , or Maxi-K) are expressed in a variety of cells, including vertebrate cochlear hair cells. In the cochlea, BK channels are involved in signal transduction by shaping the hair cell receptor potential and decreasing the membrane time constant (21, 45) . However, the role these channels play in mammalian and nonmammalian cochlea appears different, largely due to differences in the calcium sources that modulate channel activity. In mammals, BK channels are unresponsive to calcium influx through voltage-gated calcium channels (39) , whereas in nonmammals, the response of these channels is intimately associated with voltage-dependent calcium influx (16) . In fish, frogs, alligators, and chicks, the interplay between BK and calcium channels contributes to an electrical resonance in the receptor potential and a mechanism for intrinsic electrical tuning to specific sound frequencies (see Ref. 15 for a review). BK channels are key components of electrical tuning due to a tonotopic distribution of channel kinetics from slow to fast along an apical-basal, or low-frequency to high-frequency, gradient (14, 15, 47) . The mechanisms for systematically changing channel kinetics are unknown but may include alternative splicing of pore-forming ␣-subunits and coassembly with auxiliary ␤-subunits (25, 26, 51, 52) .
Four human ␤-isoforms (␤ 1 -␤ 4 , KCNMB1-4) have been identified (46) , and transcripts of ␤ 1 and ␤ 4 have been discovered in mammalian inner hair cells (32) . In avian auditory organs, a gradient in ␤ 1 -subunit expression was found using in situ hybridization, revealing high mRNA expression in apical hair cells and low mRNA expression in basal hair cells (52) . In general, the incorporation of ␤-subunits in the channel complex slows kinetics (7, 40) , which is also characteristic of BK channels from apical hair cells in the chick auditory epithelium (14) . These observations led to the suggestion that ␤-subunits are uniquely suited to control gradients in electrical tuning (50) . However, biophysical data from the chick auditory organ, or basilar papilla, argued against a dominant role for ␤ 1 in hair cells (14) .
The (xeno)estrogen compound tamoxifen (Tx) activates BK channels specifically through ␤-subunits, including ␤ 1 (6, 10, 13) . In heterologously expressed channels of known configuration, tamoxifen increased channel open probability, shifted activation curves to more negative potentials, and shortened activation time constants when the ␤ 1 -subunit was present (13) . These well-defined pharmacological effects provide a useful tool to test for BK channel ␤ 1 -subunits in hair cells. We hypothesized that Tx would activate BK channels from the cochlear apex and that the level of activation would be tonotopically distributed. In the present study, voltage-clamp in vitro electrophysiological studies were conducted on outside-out patches excised from chick auditory hair cells. Contrary to our hypothesis, the majority of hair cell BK channels were unaffected or inhibited by Tx.
MATERIALS AND METHODS
Animal preparation. All experimental protocols were approved by the University of Michigan Committee on Use and Care of Animals. Animal care was under the supervision of the University of Michigan's Unit for Laboratory Animal Medicine. The ages of chicks (White Leghorn) were 5 to 14 days posthatch. The chicks were anesthetized by intramuscular injection with 0.3-0.5 ml of 20 mg/ml ketamine and 5 mg/ml xylazine depending on the age of the animal. The chicks were decapitated within 10 min after the anesthetic was applied. The external auditory canal and middle ear cavity were opened, and the basilar papilla was extracted through the oval window. After a brief treatment with 0.01% protease (Type XXIV, Sigma) in artificial perilymph (154 mM NaCl, 6 mM KCl, 5 mM CaCl 2, 2 mM MgCl2, and 5 mM HEPES, buffered to pH 7.4 with NaOH), the basilar papilla was pinned in a dish for further microdissection. The tegmentum vasculosum and tectorial membrane were removed, exposing the sensory epithelium. The apical half of the epithelium (ϳ2 mm in length) was isolated and divided into four segments, each measuring ϳ0.5 mm in length. Epithelial segments were then mounted on coverslips with hair bundles facing downward exposing the basolateral surface of the hair cells. Tissue samples were observed on a fixed-stage upright microscope (BX51WI, Olympus, Japan) with a ϫ60, 0.9 numerical aperture water-immersion objective.
Electrophysiological recording. Voltage-clamp recordings were made using an Axopatch 200B amplifier with a Digidata 1322A digitizer (Molecular Devices, Sunnyvale, CA). Data were acquired using pCLAMP 9 software (Molecular Devices). Glass electrodes were pulled from borosilicate capillaries (1B100F-4, World Precision Instruments, Sarasota, FL) to achieve an electrical resistance of 6 -15 M⍀ in the recording solutions. Electrodes were coated with R6101 (Dow Corning, Midland, MI) to reduce stray capacitance and filled with a high-potassium saline buffered to 1 M free calcium concentration ([Ca 2ϩ ]) (see Solutions and drugs). After seal formation (Ͼ1 G⍀) onto the basolateral part of the cell, brief suction was applied to break the membrane, and the outside-out patch was then excised. Patches were obtained from so-called tall hair cells along the superior edge of the epithelial segments, since these afferently innervated cells are enriched with BK channels clustered at synaptic active zones (18, 24, 53) . If BK channels were present in the patch, a control saline with 1 M free [Ca 2ϩ ] was locally perfused onto the patch via a quartz micromanifold with a tip inner diameter of 200 m (ALA Scientific, Westbury, NY). Salines on both sides of the patch contained equimolar potassium to maintain a reversal potential of 0 mV. Tamoxifen was locally perfused at a concentration of 1 M, diluted from stocks into the 1 M free [Ca 2ϩ ] saline. To ensure that there was no obvious rundown during experiments, the excised patches were initially allowed to stabilize in control saline for 2 min before recording. If channel activity did not stabilize in this time period, the patches were discarded (Ͻ30% of total). When Tx was applied, recordings were again initiated after a 2-min time period to allow the drug effect to stabilize, since a previous study indicated that it takes 1 or 2 min for tamoxifen to modify BK channel activity (10) . Data were sampled at 10 kHz and low-pass filtered with a 4-pole Bessel filter at a 5 kHz cutoff frequency. All recordings were made at room temperature (21-23°C). Low-density membrane patches, containing three or fewer BK channels, were recorded under steady-state conditions at multiple holding potentials for 1 min each. Data were further filtered by a low-pass Gaussian filter at 2 kHz, and baseline (leak) current was manually subtracted off-line. High-density patches with more than three channels were stepped through a series of activation voltages and ensemble averaged to determine the voltage dependence of activation. Patches were initially held at negative potentials to deactivate channels. A series of activation steps were then applied in 10-mV intervals, each followed by a deactivation step. The stimulus was repeated for a total of 30 -50 presentations, and the resulting currents were averaged. Leak currents and capacitative transients were subtracted off-line.
Solutions and drugs. Outside-out patches were exposed to symmetric potassium solutions. Both pipette and control saline contained 142 mM KCl, 0.5 mM MgCl2, 5 mM HEPES, 2 mM dibromoBAPTA, and 0.7 mM CaCl 2 to give a free calcium concentration of 1 M. Solutions were set to a pH of 7.2 with KOH. MaxChelator software (http://www.stanford.edu/ϳcpatton/maxc.html) was used to estimate the amount of CaCl 2 necessary to achieve the desired free [Ca 2ϩ ] concentration. However, free [Ca 2ϩ ] was more precisely determined using a calcium electrode (World Precision Instruments) calibrated with multiple standard solutions ranging from 0.1 to 100 M free [Ca 2ϩ ] (CALBUF-2, World Precision Instruments). The tamoxifen solution was created from a 10 mM Tx stock dissolved in 100% DMSO. The final DMSO concentration was 0.01%, a concentration that has been previously shown to have no effect on channel activity (10, 35, 37, 63). Paxilline was purchased from BIOMOL (Plymouth Meeting, PA). All other chemicals were obtained from Sigma Chemical (St. Louis, MO).
Data analysis. In steady-state recordings from low-density patches, open probability (NP o) was estimated using Clampfit in the pCLAMP software suite. To calculate NPo, single-channel current (i) was determined from all-points amplitude histograms constructed from the steady-state current traces. In low-density patches with more than one channel, only the first opening level on the histogram was used to obtain i. NP o was calculated by dividing the mean value of current in the trace by i. The stability of NPo was determined for several patches maintained in control saline over the duration of a typical experiment (up to 6 min following the initial 2-min wait period). Individual NP o for consecutive 20-s periods was calculated and normalized to NPo from the first period. A comparison of mean normalized NPo across time confirmed that the recordings were stable during the experiments (Fig. 1E) . The 95% confidence interval was determined for the normalized NP o periods in control saline (grayed region in Fig. 3) . Thus, any Tx-induced NPo change enclosed within this confidence interval could be attributed to temporal variance in the recording rather than drug action. Even during drug applications, there was no indication of channel rundown or instability during our recordings, leading to the conclusion that our confidence interval is well suited for distinguishing between drug-dependent and drug-independent changes in NP o. For single-channel events, unitary currents were estimated from histograms held at multiple holding voltages ranging from Ϫ40 mV to 100 mV. Single-channel conductance was determined using the slope of a linear least-squares fit to current-voltage relationships.
In ensemble-averaged recordings, curve fits were accomplished using Clampfit. Steady-state currents were used to construct the conductance-voltage (G-V) curves, which were fitted with a first-order Boltzmann function:
where G max is the maximum conductance level, V1/2 is the halfactivating voltage, z is the slope, F is Faraday's constant, R is the universal gas constant, and T is the absolute temperature. The effect of tamoxifen on steady-state activation was represented by the difference of V 1/2 in control and drug conditions ( Fig. 5 ):
In this way, positive values for ⌬V 1/2 reflect a Tx-dependent shift in activation toward more negative voltages, which is interpreted as an excitatory effect of the drug. Activation time constants () were obtained by fitting single exponentials to the ensemble currents. The voltage dependence of activation kinetics was used to calculate the forward gating charge (Q f) using the following equation:
which assumes a simplified two-state model for channel gating. Averaged results for various biophysical parameters are reported as means Ϯ SE. The Pearson's product-moment correlation coefficient was used when exploring the tonotopic distribution of various channel properties. When comparing mean values, the criterion for a statistically significant difference was P Ͻ 0.05.
RESULTS

Chick hair cell BK channels in outside-out patches.
Outsideout patches were excised from the apical half of the chick sensory epithelium, specifically from tall hair cells along the superior edge of the tissue. The cell's location along the tonotopic axis of the cochlea was noted as the distance from the apical end of the epithelium (DAE). Membrane patches were excised from the basolateral surface of the hair cell, since BK channels are organized near neurotransmitter release sites at the base of the cell (18, 24, 53) . Because of the tendency for BK channels to cluster into hotspots, patches often contained multiple channels. However, with high-resistance, small-diameter electrodes, it was possible to obtain low-density membrane patches with one to three channels. In this recording configuration, Tx-dependent effects on channel gating and single-channel conductance could be determined. The presence of other non-BK-like channels could be readily identified based on differences in the conductance and voltage sensitivity of single-channel events. BK channels exhibit a large single-channel conductance nearly two to ten times that of other voltage-gated cation channels (20) . To be considered BK-like, channel activation had to be voltage dependent, single-channel conductance had to be above 200 pS, and transient, inactivating channels had to be absent from the recordings. These procedures allowed us to limit the possibility of contamination by other channel types. It is possible that some BK channels in long-term subconductance states were excluded from the analysis based on these procedures.
An exemplar voltage-clamp recording from a single BK channel under control conditions is shown in Fig 1, A-C. The voltage dependence of this channel was evident as more time spent in the open state when the patch was held at increasingly more positive voltages (Fig. 1A) . All-points amplitude histograms were constructed from 1-min recordings at each holding voltage, facilitating calculation of both single-channel conductance and open probability. The amplitude of the singlechannel current was plotted against holding voltage (V m ) and was fit by linear regression to determine single-channel conductance. For the patch shown, single-channel conductance was 265 pS (Fig. 1B) . The relationship between open probability and holding voltage for this channel is also shown (Fig.  1C) . The resulting activation curve was fit with a single first-order Boltzmann equation with a half-activation voltage of 50.6 mV. These results are similar to previous reports for chick hair cell BK channels (14) . At all holding voltages, there were no obvious signs of ionic currents other than the BK channel current. All-points amplitude histograms at each voltage level revealed only two narrow peaks, representing the closed current level and a single open current level (data not shown). Contaminating currents from other ion channels in the patch would have resulted in additional peaks in the amplitude histograms, since all other classes of voltage-gated cation channels in chick hair cells exhibit a much lower single- Paxilline eliminated all voltage-dependent currents. The drug effect was partially reversible after 10-min washout. E: BK channel recordings were stable during the experiments. Channel activity was allowed to stabilize for 2 min followed by steady-state recordings for an additional 6 min. The time course of averaged open probability (NPo), normalized to the initial activity level, is shown in control saline (n ϭ 5).
channel conductance compared with BK. Thus, there was no contamination from other voltage-gated channels in this patch.
The identity of the channels was further confirmed pharmacologically. A specific BK channel antagonist paxilline, an indole alkaloid from Penicillium paxilli, blocks BK currents with extracellular concentrations of 5-10 M (23). In the present study, 10 M paxilline was applied extracellularly during steady-state recordings. In each case, voltage-dependent currents were eliminated after drug application (Fig. 1D, n ϭ  5) . The blockage was partially reversible after 10 to 20 min washout with control saline.
Caution was taken to ensure that the recordings of BK currents were stable during experiments. All excised patches were initially allowed to stabilize for 2 min in control saline and then again for another 2 min when Tx was introduced. Considering these wait periods and the time to make each recording, the total length of an experiment was about 6 to 8 min. Steady-state recordings were stable during this time period (Fig. 1E) .
Tamoxifen modulates open probability and alters singlechannel conductance. Tamoxifen was applied at a concentration of 1 M, since this concentration can most easily distinguish between subunit composition (13). Higher concentrations of Tx can inhibit channel gating via action on the ␣-subunit alone, masking the activation reported to occur through the ␤-subunit (13). All patches were exposed to a single intracellular calcium concentration (1 M) since Txdependent modulation of channel properties appears independent of calcium (10) . Tamoxifen was perfused for 2 min before recording. Application of 1 M Tx resulted in both activation ( Fig. 2A) and inhibition (Fig. 2B ) of the channels. In Fig. 2A , data are shown for one patch (0.10 mm, DAE) with several BK channels that were activated by Tx. In control saline, two open levels are seen in the current trace. When 1 M Tx was perfused onto the patch, a third open level could be observed, indicating at least three channels present in this patch and an increase in channel open probability in the presence of Tx. NP o increased nearly two-fold from 0.42 in control saline to 0.75 in Tx. At the same time, single-channel conductance slightly decreased from 222 pS in control saline to 213 pS in Tx. Data from a second patch (1.40 mm, DAE) are shown in Fig. 2B . In this case, the channel was inhibited by Tx, with an overall decrease in NP o from 0.89 in control saline to 0.24 in the drug. Although the effect of Tx on NP o was opposite that in Fig. 2A , the effect on conductance was similar, decreasing from 273 pS in control saline to 260 pS in Tx.
A total of 19 patches with three or fewer BK channels were obtained from hair cells throughout the apical half of the basilar papilla. The mean single-channel conductance was 246 Ϯ 8 pS in control saline and 232 Ϯ 6 pS in 1 M Tx (ϳ6% reduction, P Ͻ 0.05) (Fig. 2C ). This result is consistent with other studies, reporting a Tx-dependent decrease in BK singlechannel conductance regardless of subunit composition (10, 11, 13) (summarized in Table 1 ). The heterogeneity in our data, illustrated by the differences in Fig. 2 , A and B, may reflect variations in channel configuration in native cochlear tissue. On the basis of the hypothesis that BK channel ␤ 1 -subunits are predominantly expressed in the apical half of chick cochlea, we expected to see Tx-mediated activation in a large proportion of channels in our data set. However, differences in average NP o in control (0.77 Ϯ 0.06) and 1 M Tx (0.66 Ϯ 0.06) were insignificant ( Fig. 2D , P Ͼ 0.05). A recent study has argued that the dual-regulation by Tx is dependent on the initial activity level of the channel rather than subunit composition Tamoxifen reduced single-channel conductance from 246 Ϯ 8 pS in control to 232 Ϯ 6 pS in 1 M Tx (n ϭ 19). *P Ͻ 0.05. D: NPo at 50 mV is shown in control saline and 1 M Tx. Open probability was 0.77 Ϯ 0.06 in the control condition and 0.66 Ϯ 0.06 in the presence of Tx (n ϭ 19). The difference was statistically insignificant (P Ͼ 0.05, paired Student's t-test). E: the effect of Tx was also examined while BK channels were held at low NPo. Open probability was 0.049 Ϯ 0.012 in the control condition and 0.046 Ϯ 0.014 in the presence of tamoxifen (P Ͼ 0.05, paired Student's t-test, n ϭ 6). Thus, tamoxifen had no effect on BK channel gating when the activity level was initially high or low. (48) . In that study, Tx inhibited BK channels when the control condition produced a high open probability. In contrast, under low open probability conditions, Tx facilitated gating. The results were the same in BK channels from normal mice and ␤-subunit deletion mutants. These results stand in stark contrast to numerous studies reporting a subunit-dependent action of Tx (6, 9 -11, 13, 42) . Nevertheless, to see whether Tx modulation was dependent on basal activation level in our study, several low-density BK patches excised from tall hair cells throughout the apical basilar papilla were also held at low voltages to examine the drug effect under low open probability conditions (NP o Ͻ 0.20). The averaged values were 0.049 Ϯ 0.012 in the control condition and 0.046 Ϯ 0.014 in 1 M Tx (Fig. 2E, n ϭ 6 ). Statistical tests showed that the difference was insignificant (P Ͼ 0.05). Therefore, BK channels from the apical half of the cochlea were on average unaffected by Tx, regardless of the initial channel activity, suggesting that the majority of the BK channels in these data were not regulated by auxiliary ␤ 1 -subunits. However, it remained possible that, even though poorly expressed, ␤ 1 -subunits may still be expressed in a gradient within the apical basilar papilla.
To examine this possibility, tamoxifen's effect on open probability was calculated as the ratio of NP o in Tx to NP o in control saline (NP o Tx /NP o control ) and was plotted for each patch against the distance from the apical end of the papilla (Fig. 3) . Four recordings obtained from the apical basilar papilla (squares) showed increases in NP o in 1 M Tx. In another four patches, open probability ratios were enclosed in the confidence interval associated with channel stability (grayed region, 1.00 Ϯ 0.11, see MATERIALS AND METHODS), suggesting that these channels were unaffected by the drug. The majority of the patches (11 of 19) were inhibited by Tx. Overall, the Tx effect on apical BK channels seemed to be inhibitory and independent of tonotopic location along the cochlea ( ϭ Ϫ0.41, P ϭ 0.68, n ϭ 19). Even for those patches that appeared to be activated by Tx, the level of activation fell below what was expected on the basis of prior studies on BK ␤ 1 (6, 10, 11) .
Tamoxifen modulates steady-state activation in ensembleaveraged recordings. Since BK channels are present in clusters at synaptic active zones, it is possible that low-density patches, like those reported above, were obtained from membrane regions outside clustered hotspots, potentially reflecting a subset of the whole cell channel population. Therefore, we conducted a separate study on Tx effects using high-density patches more generally reflecting the average properties of clustered BK channels expressed by the cell (13) . Previous studies have shown that Tx facilitates BK channel activity by shifting steady-state activation to more negative potentials in channels coassembled with ␤ 1 (11, 13) . In contrast, Tx inhibits channels consisting of ␣ alone by reducing, to a moderate degree, the voltage sensitivity of channel activation (i.e., a more shallow conductance-voltage curve) (13) ( Table 1) . To explore the effect of Tx on a more representative channel population from the chick cochlea, ensemble-averaged recordings were obtained on outside-out patches containing multiple BK channels excised from hair cells throughout the apical half of the basilar papilla. Although patches were pulled from membrane regions enriched with BK channels, it was possible that excised patches also included other voltage-gated K ϩ channels (16, 47) . Patches were initially held at low voltages (i.e., low BK open probability) to examine whether ionic conductances were present other than those from large-conductance BK channels. In addition, steady-state activation curves were examined for multiple voltage-sensitive components in Boltzmann equation fits, which would suggest distinct current components and potential contamination by delayed rectifier potassium channels. If non-BK conductances were present in the patch, the data were excluded from the study. Furthermore, 10 mM tetraethylammonium (TEA) was also used on several high-density patches to determine the proportion of current that could be attributed to BK. Previous studies showed that low concentrations of TEA effectively and specifically block chick hair cell BK channels when applied ) for each patch is plotted according to the location from which that patch was taken along the basilar papilla. All patches were held at 50 mV. The confidence interval representing NPo stability in control saline is marked in gray. Data within this region were unaffected by drug exposure (‚). Data above (■) or below (F) this interval were activated or inhibited by Tx, respectively. Overall, the effect of tamoxifen on BK channel open probability is independent of tonotopic location. Black dashed line represents a linear regression to the data. extracellularly (16, 47) . In the present study, 10 mM TEA blocked 91 Ϯ 5% (n ϭ 4) of the outward potassium current. Additionally, 10 M paxilline also effectively blocked outward potassium currents in several ensemble-averaged recordings (data not shown), further confirming that the majority of voltage-sensitive current in ensemble-averaged patches was carried by BK channels.
Single-channel data showed that the majority of channels were either inhibited or unaffected by Tx (Figs. 2 and 3) . In Fig. 4A , ensemble-averaged currents are shown from one patch (1.14 mm, DAE) in which Tx had an excitatory effect on the voltage dependence of channel activation even while inhibiting channel conductance. Maximum conductance was reduced from 1.11 nS in control to 0.96 nS in 1 M Tx. The halfactivation potential was shifted to a more negative value (⌬V 1/2 ϭ 6.5 mV). A second example is shown in Fig. 4B (0.85 mm,  DAE) , where the effect of Tx was inhibition. Tamoxifen reduced G max from 1.44 nS in control to 0.93 nS, and activation was shifted to a more positive potential (⌬V 1/2 ϭ Ϫ11.6 mV).
Tamoxifen-induced conductance change is summarized in Fig. 4C for 19 high-density patches. In 1 M Tx, the averaged reduction in G max was greater than the averaged reduction in Fig. 4 . Overall, tamoxifen had an insignificant effect on BK channel activation in ensemble-averaged recordings. A, left: activation currents are shown for one outside-out patch excised from a hair cell 1.14 mm DAE. The patch was perfused with control saline (top) and 1 M Tx (bottom). The holding voltage was Ϫ20 mV. Activation steps ranged from Ϫ40 mV to 120 mV, followed by a deactivation step to Ϫ20 mV. Current traces were averaged from 30 stimulus presentations. A, right: conductance-voltage (G-V) curves were constructed from steady-state activation currents for control and drug conditions and normalized to maximum conductance level (Gmax). Normalized G-V curves were fit to a first-order Boltzmann function (dashed lines). The fit parameters are as follows: for control saline, Gmax ϭ 1.11 nS, z ϭ 1.08, and V1/2 ϭ 46.7 mV; for Tx, Gmax ϭ 0.96 nS, z ϭ 1.03, and V1/2 ϭ 40.2 mV. B: a second example is shown, illustrating Tx-dependent inhibition of BK channel activity. Left: activation currents are shown for an outside-out patch excised from a hair cell 0.85 mm away from the apical end. Activation steps ranged from 10 to 100 mV, followed by a deactivation step to 40 mV. Right: normalized G-V curves were fit to a first-order Boltzmann function. The fit parameters are as follows: for control saline, Gmax ϭ 1.44 nS, z ϭ 1.78, and V1/2 ϭ 42. single-channel conductance (Fig. 2C) . This is comparable to the effect of 1 M Tx on G max and single-channel conductance in human embryonic kidney-293 cells heterologously expressing chick BK subunits (13) . The results suggest that in native tissue, as in the expression system, tamoxifen further decreased the maximum open probability of the channel in addition to a reduction in single-channel conductance.
The overall effect of 1 M Tx on BK channel activity was estimated by comparing the mean V 1/2 in Tx to that in control saline. If ␤ 1 -subunits are predominantly expressed in the apical half of the cochlea, tamoxifen should significantly shift V 1/2 to more negative voltages, similar to the effect on recombinant channels coexpressed with ␣-and ␤ 1 -subunits (13) . However, in chick hair cells, the averaged V 1/2 was 51.5 Ϯ 4.6 mV in control and 56.7 Ϯ 5.5 mV in 1 M Tx. A two-tailed paired Student's t-test revealed that the difference in these values was statistically insignificant (P Ͼ 0.05) (Fig. 4D) . The behavior of hair cell BK channels was compared with results from recombinant channels (Fig. 4D) . The averaged values from chick hair cells were slightly lower than recombinant channels consisting of ␣-subunits alone. This increased sensitivity in the native channels has been detailed previously (14) . Nevertheless, the difference in the mean response of hair cell BK between control and drug conditions is more similar to that of recombinant channels with ␣-subunits alone rather than those incorporating chick ␤ 1 .
The tamoxifen-induced shift of V 1/2 (⌬V 1/2 ) was also plotted according to tonotopic location along the basilar papilla (Fig. 5) . In a total of 19 ensemble-averaged recordings, only one patch, excised 1.50 mm away from the apical end, exhibited a large leftward shift in voltage activation (⌬V 1/2 ϭ 19.4 mV), indicating Tx-induced activation of channel activity and suggesting the presence of BK channel ␤ 1 -subunits in this patch. However, similar to results for low-density BK patches, tamoxifen's effect on half-activation was independent of target cell location ( ϭ 4.17, P ϭ 0.09).
Tamoxifen had little effect on channel kinetics in ensembleaveraged recordings. In recombinant channels, tamoxifen's action on open probability is reflected in changes to channel rate constants and macroscopic kinetics depending on the presence or absence of ␤ 1 -subunits in the channel complex (10, 13) . For example, in one study, 1 M Tx decreased activation time constants in channels with ␤ 1 but unaffected those consisting of ␣-subunits alone (13) . In the present study, activation rate () was determined by fitting single exponentials to activating currents from ensemble-averaged recordings. Examples are shown in Fig. 6, A and B, for the current traces shown in Fig. 4, A and B, respectively. In one patch (Fig. 6A) , activation time constants decreased at most voltages in Tx compared with control saline, suggesting a decrease in the closed-state dwell time when Tx was present. On the basis of previous results with recombinant channels, the drug-induced effects on kinetics, as well as on steady-state G-V curves (Fig. 4A) , are consistent with the suggestion that channels in this patch included auxiliary ␤ 1 -subunits. Notably, this patch was excised from the most apically positioned hair cell in our data set. In contrast, activation time constants for another patch (Fig. 6B , from current traces in Fig. 4B) were largely unaffected by Tx, although there was a small increase in the estimated forward gating charge, Q f (i.e., from 0.54 in control condition to 0.59 in 1 M Tx). This result, as well as the steady-state inhibition in Fig. 4B , suggests that auxiliary ␤ 1 -subunits were absent from this patch. Similar data were obtained for 15 high-density patches distributed throughout the apical half of the chick sensory epithelium. On average, the activation time constant at 70 mV changed 1.28 Ϯ 0.15-fold in 1 M Tx compared with control saline (Fig. 6C ). However, a Student's t-test on paired samples indicated that any difference in mean activation rates between control and Tx treatments was statistically insignificant (P Ͼ 0.05). Data from cloned BK channels are plotted alongside the hair cell data ( Fig. 6C ; data based on Ref. 13 ). The native hair cell channels responded to Tx-like recombinant channels consisting of ␣-subunits alone, but unlike the channels incorporating ␤ 1 -subunits.
Differences in activation rates at a single voltage level, as described above, could be obscured by changes in the voltage dependence of channel kinetics. To investigate this possibility, the forward gating charge, Q f , was estimated from the voltage dependence of activation kinetics using Eq. 3. The previous results on recombinant channels showed that Q f was reduced in the presence of Tx regardless of subunit composition, although differences in the means were only significant for channels incorporating ␤ 1 (13) . The average Q f for chick hair cell BK channels was more similar to recombinant ␣-only channels in two ways (Table 1) . First, the mean value in control saline was more similar to ␣-only channels (Fig. 6D) . Second, the reduction due to Tx mirrored the effect on ␣-only channels, which was relatively small and statistically insignificant (P Ͼ 0.05).
DISCUSSION
Hair cell excitability is governed by a number of distinct ion channel types, several of which localize to specific domains within the cell membrane (18, 19, 27, 30, 34, 43, 61, 62) . The dominant conductance in afferently innervated cochlear hair cells arises from BK channels, but there appear to be several distinct differences between channel function and localization in mammals vs. nonmammals. In mammalian cochlear hair cells, these channels are clustered near the apical pole of the cell (39, 57) and are relatively independent of calcium influx through voltage-gated calcium channels (2, 39) . In contrast to other vertebrates, mammalian hair cells do not exhibit a resonant membrane potential, but the large-conductance and fast kinetics of BK channels in these cells still contribute to the (Fig. 3) , the distribution of ⌬V1/2 did not show an apical-to-basal pattern, arguing against the notion of a tonotopic gradient of ␤-subunits in hair cell BK channels. Black dashed line represents a linear regression to the data. temporal processing of sound by altering the hair cell membrane time constant (45) . In nonmammalian vertebrates, BK channels are colocalized with voltage-gated calcium channels (18, 24, 53) and activated by depolarization-induced calcium influx (16) . Functionally, these channels are key regulators in an electrical tuning mechanism, which presumably plays a critical role in frequency discrimination in these animals (15) .
The mechanisms governing a systematic change in tuning and BK channel behavior along the chick basilar papilla remain unclear. Several primary articles and reviews have offered one possibility, namely, that ␤-subunits regulate low-frequency tuning in avians and turtles (15, 21, 25, 26, 46, 50, 51) . The prevailing model concerning regulation by ␤ 1 relies on an apical-to-basal gradient of expression with high expression at the apex descending to little detectable expression by the midpoint of the basilar papilla (50) . Direct support for this hypothesis rests with a single in situ hybridization study showing that ␤ 1 mRNA were more highly expressed in apical hair cells of the quail basilar papilla (52) .
Functional studies, on the other hand, have often downplayed the potential influence of BK ␤ 1 on hair cell excitability. Mouse knockout models deficient in BK channel ␤-subunits exhibit normal auditory function (49, 54) and normal BK channel biophysics (58) , challenging the notion that ␤-subunits are functionally involved in hearing in mammals even though gene transcripts have been found in the mammalian cochlea (32) . Genetic knockouts are unavailable for nonmammalian vertebrates, making it necessary to use other approaches to test for a role for ␤ 1 in electrical tuning in nonmammals. In general, the kinetics of BK channels from chick hair cells are significantly faster than those of recombinant channels that include ␤ 1 (13, 14) . Moreover, while deactivation kinetics were distributed in a tonotopic gradient along the avian basilar papilla, activation kinetics were more uniform (14) , which argues against ␤ 1 as the controlling mechanism since these subunits should result in slower activation as well as deactivation. In this study, we sought to augment these results using a pharmacological tool that modulates BK channels in a subunitdependent manner.
Pharmacological compounds have been used to modulate BK channels by interacting through auxiliary ␤-subunits (3-5, 8, 11, 29, 31, 38, 60) . Several studies have reported ␤-dependent activation by estrogen-like compounds [i.e., 17-␤-estradiol and the (xeno)estrogen tamoxifen], lithocholate (3) (4) (5) , and dehydrosoyasaponin-I (17, 40, 44) . Our study focused on tamoxifen, since it is the most widely characterized compound in this class of BK activators and it is the only one of this kind that has been validated using chick BK homologues (13) . Modulation by Tx extends to channels with ␤ 1 -, ␤ 2 -, or ␤ 4 -subunits and includes recombinant channels from chick and mouse sequences as well as a variety of native tissues (1, 6, 9, 10, 13, 29) . One recent study has questioned the ability of Tx to distinguish between channel configurations, suggesting instead that Tx exerts a dual effect depending on basal channel activity independent of accessory subunits (48) . In that paper, Tx was applied to smooth muscle BK channels from wild-type and ␤ 1 knockout mice. At low open probability, Tx increased activity regardless of genotype, leading to the conclusion that Tx could not be used to test for incorporation of ␤ 1 . In contrast, the ability for Tx to distinguish between channel configuration has been repeatedly shown in native tissue (6, 10, 11, 42) , as well as heterologous expression systems (13) . Normalized conductance-voltage curves shift to the left when Tx is applied to channels incorporating ␤ 1 . In other words, Tx-dependent activation could be observed throughout the voltage activation range of the channel. In the present study, Tx exhibited similar effects on channel activity regardless of basal activity level (Fig. 2, D and E) . The discrepancy between Perez's (48) and other reports, including the present study, is unclear but may simply reflect additional changes in the ␤ 1 -knockout mouse.
In the present study, tamoxifen was applied to BK channels from the apical half of the chick basilar papilla. Analyses were Fig. 4, A and B , activation time-constants () were estimated from single-exponential fits to activation currents in control saline (OE and F) and 1 M Tx (‚ and E). Straight lines represent curve fits to Eq. 3, where Qf is forward gating charge, F is Faraday's constant, R is the universal gas constant, and T is absolute temperature. C: activation time constants in 1 M Tx were calculated as fold changes compared with those in control saline (n ϭ 15). Data were analyzed for a constant holding potential of 70 mV. In addition, similar measurements are shown for patches from HEK-293 cells transfected with cslo ␣-subunit only or cotransfected with cslo ␣-and ␤-subunits (data are based on Ref. 13 ). The fold changes of were 1.28 Ϯ 0.15 in hair cell BK channels, 1.28 Ϯ 0.18 in transfected BK channels with ␣-subunit alone, and 0.71 Ϯ 0.07 in BK channels cotransfected with ␣ ϩ ␤1-subunit. Tamoxifen decreased only in recombinant BK channels incorporating ␤1 (*P Ͻ 0.05). D: Qf in control saline and Tx is shown in pairs for each patch (gray dots connected by lines, n ϭ 15). The averaged value in control saline was 0.44 Ϯ 0.04 and 0.40 Ϯ 0.04 in 1 M Tx. The differences in the means between these conditions was statistically insignificant (P Ͼ 0.05).
conducted essentially as described previously for heterologously expressed chick BK isoforms (13) , providing us with a means to directly compare results from native tissue with those from known channel configurations. On the basis of the hypothesis that ␤ 1 -subunits are more highly expressed in apical hair cells, we expected the majority of patches pulled from apical tall hair cells to show increased BK channel activity in the presence of Tx. However, in steady-state recordings from low-density patches, Tx had little effect on mean open probability (NP o , Fig. 2D ). In ensemble-averaged recordings from high-density patches, Tx had an insignificant effect on the average voltage-dependence of channel activation (Fig. 4D) or kinetics (Fig. 6, C and D) . As summarized in Table 1 , compared with other native or recombinant BK channels, the results may indicate that BK channels in chick hair cells generally consist of ␣-subunits alone, not auxiliary ␤ 1 -subunits.
When activation data were plotted against tonotopic location of the patch, the data appeared to exhibit a high degree of variance (Figs. 3 and 5) , even though the standard error of the individual means was relatively small (i.e., ratio of NP o in Tx vs. control was 0.85 Ϯ 0.08, and the shift in V 1/2 due to Tx was Ϫ4.94 Ϯ 2.70 mV). For example, data in Fig. 3 could be divided into three groups, channels that were activated, inhibited, or unaffected by Tx, by defining an exclusion boundary based on stability recordings. Data falling within this region (i.e., gray bar in Fig. 3) were deemed unaffected by Tx (4 of 19 patches). By this criterion, 4 patches from the apical region of the papilla were activated by Tx whereas 11 of 19 patches were inhibited by Tx. Similarly, ensemble-averaged recordings showed few instances of Tx-related activation, with the majority of patches being inhibited or unaffected by Tx. Overall, our results suggest that molecular mechanisms other than auxiliary ␤-subunits are the primary determinants of electric tuning in the chick basilar papilla.
How, then, do we reconcile observations of BK ␤ 1 mRNA with the lack of a clear biophysical role for these subunits in hair cell electrophysiology? One possibility is that we systematically excluded channels with ␤ 1 by focusing attention on basal membrane regions (i.e., the synaptic pole of the hair cell). However, extrasynaptic channels are less likely to be colocalized with voltage-gated calcium channels (55) and, thus, less likely to contribute to electrical tuning. Alternatively, ␤ 1 -subunits could play a role in mitochondrial BK channels (12) , providing a rationale for the detection of mRNA transcripts without robust plasma membrane expression. Finally, ␤ 1 -subunits may be involved in other functional roles, such as facilitating ␣-subunit trafficking to the plasma membrane (28) . In this latter case, additional mechanisms would need to be invoked to allow the physical assembly of ␣ and ␤ 1 without enabling the normal biophysical modulation of gating (i.e., slower kinetics and activation by Tx).
The potential molecular variations within the population of chick hair cell BK channels are enormous (see Ref. 15 for a review). These variations likely contribute to the heterogeneity in the data reported here, but splice variation, accessory proteins, and posttranslational modifications may also regulate or interfere with the interaction between Tx and BK. Relatively few of the possible channel configurations have been tested biophysically and even less have been characterized pharmacologically. In addition, one need not focus entirely on the subunits themselves, since estrogen can modify membrane composition (59) and BK properties can be modulated by local membrane content (56) . Accordingly, variations in membrane sterols and phospholipids may regulate the effect of Tx. Therefore, a greater understanding of the in situ composition of chick cochlear BK channels, and their local lipid environment, is required to unravel the molecular diversity that underlies electrical tuning. Direct molecular evidence, whether from immunocytochemical studies or genetic manipulations, will be necessary before ruling out a functional role for ␤ 1 .
The inhibitory effects of Tx on hair cell BK channels could have a large impact on hair cell excitability if this compound, and presumably other estrogen-like compounds, were present in the cochlear duct. An interaction between gender, estrogen deficiency, and hearing acuity is frequently acknowledged, even if still unresolved (22) . In addition to the effects on hair cell BK channels described here for the first time, estrogen and anti-estrogens modulate cochlear blood flow (33) , potassium secretion by stria vascularis (36) , and cochlear response to acoustic trauma (41) . Acute effects of estradiol and tamoxifen on various ion channel types suggests that regulation by these compounds is complex and in some cases estrogen-receptor independent. Further work is required to fully explore the role that sex steroids play in the function and dysfunction of the normal and pathological ear.
